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Abstract
Chemical weathering of silicate rocks generates soils that contain mineral nutrients, sustain
ecosystems, modify water chemistry in the hydrosphere, and regulate the global carbon cycle.
Understanding the timescales of soil formation and sources of soil mineral nutrients has great
implications for securing the future of agriculture and food production. However, few tools are
currently available to directly quantify the rates of chemical weathering and timescales of soil
formation. Uranium-series isotopes fractionate during chemical weathering and the activity ratios
of (234U/238U), (230Th/238U), (238U/232Th) and (230Th/232Th) have great potential to constrain the
rates and timescales of chemical weathering and soil formation in soil profiles. In addition, Useries techniques have been used in conjunction with strontium (Sr) isotopes to trace source
materials in open systems, provided that the end-member reservoirs have distinct isotope
signatures. By combining U-series and Sr isotope analysis in soil profiles, it is possible to quantify
rates of chemical weathering and soil formation as well as to identify trace sources of mineral
nutrients.
The objectives of this study are 1) to identify key processes such as chemical weathering
vs. atmospheric deposition that affect soil formation and development and 2) to quantify chemical
weathering rates in volcanic soil profiles under a tropical climate. The study site is situated in
Basse-Terre Island of French Guadeloupe in the Lesser Antilles volcanic arc. Thick soil/regolith
profiles with rock clasts are developed due to rapid and intensive weathering of andesitic parent
materials. Shallow soils are highly depleted with respect to mineral nutrients and atmospheric
contributions to soil mineral nutrients have been shown to be important for the volcanic island. In
this study, I focused on three deep soil cores with depths ranging from 8 to 12 m from the Brasvi

David, Moustique Petit-Bourg, and Deshaies watersheds that are distributed across the large
precipitation gradient of the island, and water samples from the rivers adjacent to these soil sites.
Soil and water samples were collected from field trips to Basse-Terre in 2014 and from archived
soil samples collected in July 2007. Analyses for major element concentrations, U-series, and Sr
isotopic ratios in bulk soils, sequential extraction fractions, and river water were performed at The
University of Texas at El Paso.
Results indicate that chemical weathering reactions are integral to the conversion of
andesitic bedrock into thick accumulations of depleted soils since mobile elements such as
calcium, magnesium, and strontium have undergone intensive chemical weathering at the deep
soil profiles when compared to samples representing the parent bedrock collected from outcrops.
Surface processes, such as dust addition, impact soil development, as evidenced by increase of
mobile elements near the surface. This observation is further confirmed by the isotopic analysis,
where U-series and Sr ratios increase at the surface with signatures similar to the Saharan dust
end-member. Sequential extraction procedures reveal the release of mobile elements near the
surface during the first leaching phase, with U and Sr isotope signatures similar to marine aerosols.
Constraining soil profile-scale weathering rates of andesite were achieved by solving a set of
differential equations on U-series mass balances in the profile, thus yielding a duration of chemical
weathering range from 300 to 400 Kyr, and an average weathering rate of 30 m/Ma in the
weathering profile.
Because of ongoing investigations of chemical weathering rates across a range of scales of
observation on Basse-Terre Island, the results from the three soil profiles located in the Deshaies,
Moustique Petit-Bourg and Bras David watersheds can be directly compared with local clast and
watershed scale observations. The sensitivity of calculated chemical weathering rates varies

vii

according to the scale of observation. The collected soil profiles did not reach the unweathered
bedrock, therefore the deep regolith samples are composed of highly weathered clay minerals.
Weathering clasts exhibit a slower weathering rate (0.3m/Ma) due to its small scale of surface area,
while high solute fluxes transported by rivers in the Bras David watershed yield much faster
chemical weathering rates (300m/Ma), therefore, the transformation of bedrock to regolith occurs
at much greater depth.
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1. Introduction
IMPORTANCE OF SILICATE WEATHERING
Siliceous igneous rocks comprise the majority of the Earth’s crust, and processes such as
chemical weathering and physical erosion at Earth’s surface break down these silicate rocks to
form soils and sediments. Chemical weathering is the group of processes where rocks are
chemically altered due to rock-water interaction, dissolving and mobilizing elements and other
transportable materials from rocks, producing soils and sediment, modifying landscapes, and
providing nutrients to the ecosystem. These processes aid in sustaining life from the outer extent
of the vegetation to the lower limits of groundwater, a wide region also known as the Critical Zone
(Brantley et al., 2007). Chemical weathering occurs at a rapid rate in tropical areas that receive
large amounts of precipitation. Studying soils and weathering profiles in a tropical area is an ideal
way to understand rapid chemical weathering processes, especially when soils and weathering
profiles can be collected from surface down to the unweathered parent bedrock.
RESEARCH OBJECTIVES
In this study, major element concentrations, Uranium-series (U-series) and strontium (Sr)
isotope ratios of soil, and water samples from the rivers adjacent to the soil sampling sites on the
tropical volcanic island of Basse-Terre, French Guadeloupe were analyzed to understand soil
formation processes, and to quantify chemical weathering rates. Soil formation processes were
characterized to determine the rates of water-rock interactions at a soil profile scale, and then were
used to compare weathering rates across different spatial scales, e.g. to a smaller scale in a
weathering clast or to a larger scale of weathering in a watershed. Understanding chemical silicate
weathering and the evolution of soil on tropical volcanic islands is important as this process
contributes to ~25% of the CO2 consumption by global silicate weathering (Gaillardet et al., 1999),
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which is amongst the highest proportion of CO2 consumption in the world (Gaillardet et al., 2012),
thus regulating global climate in geological time scales.
Understanding the atmospheric contribution to soils helps identify sources of essential soil
nutrients that aid in soil fertility and agricultural purposes. Furthermore, this study aims to use Useries and Sr isotopes to trace atmospheric inputs to soils such as depositions of dust, volcanic ash,
and marine aerosols. Large amounts of atmospheric contribution to soils are also responsible for
soil chemistry and development, simultaneously controlling rainwater properties, and affecting the
geobiochemistry in the Critical Zone (Derry and Chadwick, 2007).
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2. Background
GEOLOGIC BACKGROUND
French Guadeloupe is an archipelago located in the central Lesser Antilles island arc in the
Caribbean (Figure 1). The arc volcanism results from the subduction of the North American plate
beneath the Caribbean plate (Samper et al., 2009, Komorowski et al., 2005). The western island of
French Guadeloupe, Basse-Terre, was the result of seven volcanic episodes, the last one erupting
from La Soufriere, an active stratovolcano located in the Southwestern portion of the island
(Komorowski et al., 2005). Basse-Terre is composed of andesitic lava flows that have been K/Ar
dated at 2.8 to 0.40 million years (Samper et al., 2007), with the youngest dated flows surrounding
La Soufriere volcano, and ages increase to northwestern area of the island (Figure 2). La Grande
Soufriere peak is the highest point in Basse-Terre (1467 m), also playing an important role in the
distribution of precipitation in Basse-Terre. In general, topographic relief increases to the
southeast, mimicking the decreasing trends in bedrock ages.
The pronounced changes in topography along the northwest-southeast trending
topographic divide impart significant orographic precipitation effects with greater magnitudes of
precipitation increasing from north to south and from west to east (Figure 2). At the same time,
mean annual temperature varies little, with a mean of 23˚C. The largest magnitudes of precipitation
are focused in high relief areas such as the south-central areas surrounding La Grande Soufriere
volcano and the Bras David watershed (2500 mm to >8000 mm), while the northwestern areas
receive the least annual rainfall (less than 2000 mm per year). Although a thick (>10 m) cover of
regolith mantles much of Basse-Terre, organic horizons in the undisturbed regions are generally
thin (< 0.2 m) due to high decay rates of biomass under tropical climate. Tropical vegetation is
dominated by ferns, flowering heliconia, orchids, ginger plants, giant philodendron, and trees such
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as palm, chestnut, mango, tabonuco, and acomat boucan vary by soil type and precipitation
received (Rosteau 1996). Soils have been cultivated for growing sugarcane, cocoa, and banana
crops for commercial purposes.
Tropical soils in Basse-Terre Island are composed of weathered volcanic materials. Based
on to the Natural Resources Conservation Service (Soil Survey Staff, 1999), the three main types
of soil taxonomy present in the island are 1) Andisols; developed from volcanic ejecta such as
volcanic ash and lava, where the dominant formation processes are weathering and mineral
transformation, primarily of aluminosilicates from parent material making them fertile for
cultivation; Andisols can be found in the high rainfall areas surrounding La Soufriere volcano,
thus crops are grown in this area, 2) Oxisols; which are weathered soils with low fertility
commonly formed in mafic rock, consisting of quartz, kaolinite, oxides and organic matter; they
can be found in the central area of the island and extend northwest, 3) Vertisols; formed from
basalt and defined as clayey soils with deep cracks that shrink when dry, but swell when moist,
consequently when rainfall is received, the water drains through the cracks; Vertisols are located
along the western coast extending to the north of the island, where the dry areas can be found.
BACKGROUND OF U-SERIES AND STRONTIUM ISOTOPES
The U-series method utilizes the radioactive isotopes of

238

U, 234U, 230Th and the various

activity ratios as a geochronological tool to determine soil ages, the duration of chemical
weathering, and the rates at which soil is produced from chemical weathering. Isotopic
fractionation occurs over a range of temporal scales due to different natural processes (e.g.
chemical weathering and dissolution), creating isotope disequilibrium within the weathering
profile. For example, during alpha particle emission, also known as alpha recoil effect, 238U decays
and produces

234

U, which is often released to solution, enriching the activity of
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234

U in stream

waters. In turn, the 234U produces 230Th, therefore, if either 238U or 234U is removed or added to a
system, it disturbs the production of

230

Th, thus generating an isotope disequilibrium (Figure 3).

The degree of the isotope disequilibrium depends on the extent and duration of the water-rock
interaction.
The duration of chemical weathering and consequent rates can be determined by applying
a mass balance model for U and Th fluxes in the soil (e.g., Chabaux et al., 2008; Ma, et al., 2010).
By using a system of mass conservation equations according to the behavior of U-series isotopes,
the activity ratios of U-series in a soil profile where the weathering degree and duration ideally
ascends upwards can be determined as a function of time (Dequincey et al., 2002). The U-series
activity ratios measured in soil profiles can be modeled as a function of regolith depth to infer time
information during soil formation and development (Ma et al., 2010). As a sample approaches the
parent material, the depletion in major element chemistry decreases due to the reduced chemical
interactions. Within the regolith profile, the magnitude of depletion increases up section towards
the surface. The pattern can be characterized by a theoretical depletion curve spanning from the
undepleted parent material to the surface. Excursions for the theoretical curve may be used to infer
atmospheric deposition. Biogenic changes and anthropogenic modification may also be a factor
for atmospheric deposition.
In addition to constraining rates and timescales of chemical weathering, U-series isotopes
can also be used to determine the sources of U-series isotopes in soils. Using sequential extraction
procedures, Pett-Ridge et al. (2009) demonstrated that the U-series isotopes can reveal the source
of atmospheric inputs to different carrier phases in soils, such as marine aerosols, rainwater, or
dust.

5

The strontium isotope ratio (87Sr/86Sr) involves two isotopes: 87Sr is radiogenic, formed by
the radioactive decay of 87Rb, while 86Sr is stable. 87Sr/86Sr ratios derived from any mineral through
weathering reactions show the same isotopic ratio as the mineral (Kendall et al., 1995), therefore,
87

Sr/87Sr ratios are excellent tracers to determine Sr sources (Derry and Chadwick, 2007). The

variations in

87

Sr/87Sr ratios in soils may reflect a signature based on the origin, whether it is

bedrock derived, from dust, or other inputs. Therefore, similar to U-series isotope ratios, strontium
isotope ratios can also aid with identifying atmospheric inputs to soil systems.
PREVIOUS STUDIES
One ~12 m deep core through the regolith in the Bras David watershed was previously
collected and described by Buss et al. (2010). Buss et al. (2010) characterized the 12 m thick hand
augered profile by using major element concentrations using an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES), and identified mineralogical variability using
quantitative X-Ray Diffraction (XRD). According to Buss et al. (2010), the main composition of
soils is dominated by silicon, aluminum, and iron, which are being depleted at the shallow depths
due to intensive weathering. Buss et al. (2010) observed a large depletion of primary minerals, and
an enrichment of calcium, magnesium, and potassium at the surface, suggesting atmospheric inputs
such as dust and volcanic ash deposition. Similar to soils, rock clasts with a weathering rind can
also be used to quantify weathering rates.
Sak et al. (2010) studied a weathering clast from the Bras David watershed at the center of
the island by conducting petrographic, electron microprobe, and major element analysis. The
weathering rind formation was characterized in detail and the weathering advance rates around the
clast were evaluated as a function of curvature of the weathering interface, but the rates were not
quantified due to the lack of age control. In a subsequent study of the same weathering clast, Ma
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et al. (2012) quantified the weathering rind formation rates using the U-series dating method
previously described.
Studies conducted in the Caribbean region suggest that atmospheric dusts add mass to the
soil and may simultaneously act as fertilizers by adding depleted nutrients to the soil (e.g., Swap
et al., 1992, Bristow et al., 2010, Kumar et al., 2014, Prospero et al., 2014). Provenance of dusts
are traced back to the Saharan, which are transported across the Atlantic by the easterly trade winds
(Abouchami et al., 2013, Pelt et al., 2013, Kumar et al., 2014).
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3. Methodology
SAMPLE COLLECTION
The samples for study were collected from vertical transects through three thick soils
profiles from Bras David (Buss et al., 2010), Deshaies, and Moustique Petit-Bourg watersheds
(Table 1), all on Basse-Terre, as well as water samples from the rivers adjacent to these soil profiles
(Figure 2). A piece of fresh bedrock was collected from an outcrop in the bed of a small stream
near the Moustique Petit Bourg site, ~25 meters below the surface of the deep soil profile. Fresh
bedrock was also collected from nearby outcrops in the Bras David and Deshaies watershed.
The three sites span a range of climatic conditions and bedrock ages; Deshaies is located
on the northeastern, geologically old (1.7 Ma) and relatively dry side (1800-2000 mm/yr) of the
island, while Moustique Petit-Bourg and Bras David are both in the western, young (900 Kyr) and
wet side (3000-4000 mm/yr), thus allowing a comparison of elemental mobility and isotopic
signatures across the precipitation gradient.
The soil profiles were hand augered at undisturbed areas. Grab samples at 30 to 50 cm
intervals were obtained by hand auger during the summer of 2014. In the field, texture, structure,
and matrix color were described using the Munsell Color Company Notation, and soils were stored
in sealed plastic Ziploc bags. The soil profile sample sites from the Moustique Petit-Bourg and
Deshaies watersheds are 8.5 m and 7 m thick respectively. Soil pH and soil conductivity were
measured within 3 hours of collection by using a Thermo Electron Corporation 4 cell conductivity
electrode graphite pH probe. A calcium chloride solution was prepared by dissolving 5.5g of CaCl2
salts in 5 liters of deionized water. About 50 ml of this solution were added to 10 g of soil in a
centrifuge tube, shaken for 2-3 minutes to strip the H+ ions from the soil, and then permitted to
settle from suspension for two minutes before taking measurements with the probe. In order to
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compensate for the difference between using the CaCl2 method vs. water, 0.8 pH units were added
to the measurements. All samples were then sent to the United States via priority mail. The
descriptions for Moustique Petit-Bourg are shown on Table 2, and for Deshaies on Table 3. In
order to understand possible heterogeneity in soil profiles from different locations, additional grab
samples were collected from a core stone profile (CSP) and a soil profile (SP1) near the Deshaies
auger site, and another soil profile (SP2) near the Deshaies Quarry (Table 4).
SAMPLE PREPARATION
Once the soil samples from Deshaies and Moustique, the pieces of bedrock, and water
samples arrived to The University of Texas at El Paso (UTEP), they were prepared accordingly
for a specific type analysis (Figure 4). All soil samples that arrived in a Ziploc bag were opened
and left to air dry for one week, then they were ground up into powder using an agate mortar and
placed in small containers. Water samples were evaporated in a Teflon® beaker on a hot plate for
4 days at 90°C. Parent bedrock samples were processed following the same procedures as the soil
samples.
The analyses were conducted in the Department of Geological Sciences and the Center for
Earth and Environmental Isotope Research (CEEIR). CEEIR is equipped with various soil
laboratory rooms, a clean room, and several mass spectrometers that facilitated this research.
Lithium Metaborate Fusion
In order to obtain major elemental concentrations from Deshaies and Moustique, samples
were fused with LiBO2 (Suhr and Ingamells, 1966), in which 0.100 g of each soil sample was
combined with 1 g of lithium metaborate salts in graphite crucibles heated to 1000°C, producing
a glass bead that was then dissolved in 0.75 N HNO3. Then, 1 ml of each LiBO2 processed sample
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was diluted in 10 ml of 0.75 N HNO3 to be analyzed for elemental concentrations by using an
Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES).
U-Series Isotopes
U-series Ion Chromatography
Ion chromatography was performed to obtain an appropriately separated U and Th sample
in order to measure the U-series isotopes from the collected soil samples. Ion chromatography was
performed on both the Bras David soil profile collected by Buss et al. in 2010, and the newly
acquired soil profiles to separate and purify U and Th from each soil sample, facilitating the
analysis of isotopic signatures. Samples were processed in batches consisting of 10 samples, one
Basalt Columbia River standard (BCR-2), and one blank. The digestion procedure for soil samples
consisted of measuring 80-100 mg of soil into a 30 ml Teflon® beaker, adding a 233U/229Th spike
to determine U and Th concentrations with the isotope dilution method, and then adding 1 ml of
concentrated HF and 1 ml of concentrated HNO3 to dissolve the inorganic and organic material.
Applying 1 ml of concentrated H3BO3, 2 ml of 6 N HCl, and 3 ml of 18 Mega ohm water further
dissolved possible fluoride precipitations during digestion. Once the material fully dissolved, it
was dried on a hot plate overnight at 90°C, and redissolved in 1ml 7.5 N HNO3 to be centrifuged
in 1.5 ml vials for 4 minutes at 4500 rpm before being introduced into each column.
The U/Th ion chromatography procedure closely followed that of Chabaux et al., (1995),
where individual samples redissolved in 7.5 N HNO3 were loaded into columns previously filled
with 2 ml of anion exchange 200-400 mm mesh resin, washed with HCl and conditioned with
HNO3. Different concentrations of HNO3, HCl and HCl/acetone were used as eluents to collect,
and purify the U/Th (Appendix 1) (Chabaux et al., 1995).
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Strontium Isotopes
Bulk soil and water samples
Strontium ion chromatography was performed to obtain an appropriately separated Sr
sample in order to measure the Sr isotopes from the collected soil and water samples. The soil
digestion procedure for Sr is the same as the procedure mentioned above for U ion
chromatography, however, no spike is required. No digestion is necessary for the river waters as
they were filtered through 0.45 micron size filters in the field. The water samples only needed to
be dried in 30 ml Teflon® beakers, then redissolved in HNO3, and processed by the Sr ion
chromatography protocol.

Sequential Extraction
A sequential extraction procedure was performed on selected soil samples from Deshaies
and the bedrock to determine the source of different Sr isotope signatures (Table 5). Sequential
extraction was done by first adding 10 ml of ammonium acetate to ~80 milligrams of sample in a
tube, agitating it for 20 minutes, followed by 5 minutes of centrifugation, and collection of
supernatant solution that recovered the exchangeable Sr fraction that was adsorbed onto the soil
surface (Tessier et al., 1979). The same process was next done with 10 ml of 0.5 M HCl to extract
Sr in HCl soluble minerals (e.g. carbonates, amorphous hydroxides and phosphate minerals), and
followed by 0.04 M of hydroxylamine hydrochloride to dissolve iron and manganese oxides after
the HCl leaching. The solutions were transferred to Teflon® beakers to be dried. The contents
were re-dissolved in 10 ml of 0.05 HNO3, where 5 ml were saved in another tube and wrapped
with Parafilm M for major elements analysis, and the other 5 ml used to perform ion
chromatography and obtain the Sr for isotopic measurements. Organic matter and other unwanted
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material from the sequentially extracted samples remained in the residue, therefore, they did not
require digestion.

Strontium Ion Chromatography
The Sr ion chromatography procedure for all samples followed the protocol of Konter and
Storm (2014) (supplementary materials can be found in their publication), where 0.2 ml of 150
mesh Eichrom® Sr-resin was washed with HNO3 and H2O, and then conditioned with HNO3. The
redissolved sample in HNO3 was then loaded into each column, and the Sr was eluted through the
resin by adding different concentrations of HNO3 to be collected in clean 7.5 ml Teflon® beakers
(Appendix 2). Eluting the collected Sr through the Sr-resin a second time further purified it. Further
purification of the water samples was not necessary.
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4. Analytical Methods
MAJOR ELEMENTS
Major element concentrations from the lithium metaborate fusion and the Sr sequential
extraction procedures were obtained by using the ICP-OES. The diluted samples and the prepared
standards were placed in position on the auto sampler slots, and the system was run following the
general operating protocol. The major elements reported as oxides (in wt. %) were Al2O3, CaO,
Fe2O3, K2O, MgO, MnO, Na2O, P2O5, SiO2, TiO2, while Ba, Sr, Zr were reported as in parts per
million (ppm). Since each major element was analyzed with two analytes (wavelengths on
spectrum on ICP-OES), a data calibration was performed in order to select the best analyte. Data
calibration was done by plotting the concentration (in wt % or ppm) of the standards against the
measured intensity from the instrument to obtain a slope, and intercept, and a regression line. The
analyte with a regression line closer to 1 was then selected to calculate the concentrations.
Concentrations were calculated by multiplying the slope times the result from the instrument, and
adding the intercept afterwards. The error range was less than 5%. Once the samples and standards
were analyzed, the remaining sample was sealed with Parafilm M wrap to prevent evaporation.
Grainsize data was analyzed by Mariah Murphy and Peter Sak in Dickinson College,
Pennsylvania. A subset of each depth sample was prepared in a 1% pyrophosphate solution to
prevent flocculation, and then was sonicated. Three individual runs of each sample were then
performed using a laser particle size analyzer.
URANIUM SERIES
U/Th isotopic ratios were analyzed using a Multi Collector Inductively Coupled Plasma
Mass Spectrometer (MC-ICPMS). The instrument was run following the general U/Th protocol,
which analyzed 20 cycles for each sample to obtain
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233

U/238U,

234

U/238U,

229

Th/232Th, and

230

Th/232Th ratios. In order to monitor the performance of the instrument, a standard was run after

every two samples. Uranium and thorium results from the instrument required a series of further
calculations to obtain the activity ratios. An Excel spreadsheet provided by Dr. Lin Ma utilized the
weight and spike of the samples (in g), the

234

U/238U and

233

U/238U ratios of the sample, and the

Beta count and the ICO Gain from the standards to determine the (234U/238U) activity ratio and the
U ppm concentration. Similarly for Th, another Excel spreadsheet utilized the weight and spike of
the sample (in mg), the 229Th/232Th, and 230Th/232Th ratios, and the standard errors of each ratio to
yield a (230Th/232Th) activity ratio and the Th ppm concentration. The activity ratios of (238U/232Th)
(230Th/238U) were obtained by inputting the values calculated above into another Excel spreadsheet.

STRONTIUM ISOTOPES
The processed samples were analyzed for 87Sr/86Sr and 86Sr/88Sr isotopic ratios by running
20 cycles for each sample with the MC-ICPMS since the quality approaches that of the Thermal
Ionization Mass Spectrometry (TIMS) (Konter and Storm, 2014). Running a standard after every
two samples aided in monitoring the performance of the instrument. The 87Sr/86Sr ratios from the
instrument were corrected by taking the average of the SRM987 standards before and after the
sample was measured, then subtracting the accepted value of the SRM987 standard
(SRM987=0.710248). The standard error was less than 0.1%.
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5. Results
MAJOR ELEMENTS CONCENTRATIONS
Variations in major element concentrations in relationship with the soil profile depth are
evident for Moustique Petit-Bourg, for example, MgO, MnO, SiO2, and P2O5 increased with depth,
while concentrations for Al2O3, Ba, CaO, Fe2O3, K2O, Na2O, Sr, TiO2, and Zr generally decreased
(Table 6).
For the Deshaies soil profile, Ba, CaO, Fe2O3, K2O, MnO, Na2O, P2O5, SiO2, Sr, TiO2, and
Zr concentrations decreased with depth, while Al2O3 and MgO increased with depth (Table 7).
Table 8 shows that all the major elements for the Core Stone Profile decreased with
distance away from the core stone except for Al2O3 and Sr; all major elements for SP1 decreased
with depth except for Al2O3 and Al2O3, Fe2O3, P2O5 increased in concentration for SP2 while SiO2
remained constant. The major element results from the sequentially extracted solutions for
Deshaies also decreased with depth, however, the bedrock concentrations were significantly higher
than the values of the deepest samples (Table 9).
The grainsize data showed that soils in Deshaies are dominated by ~38% clay, ~61% silt,
and <1% sand. The clay percentage increased to almost 80% between 400 and 300 cm depth, and
from 200 cm to 200 cm depth. Silt greatly increased from ~20% to ~90% from 150 cm to the
surface. Sand was mostly visible from 550 to 500 cm, 300 to 250 cm, and from 50 cm to the surface
(Figure 5).
URANIUM AND THORIUM ISOTOPE COMPOSITIONS
The (234U/238U) activity ratios from Bras David ranged from 0.972 to 1.061, and the U
concentration ranged from 0.559 to 3.044 ppm. The (230Th/232Th) activity ratios for Bras David
ranged from 0.366 to 1.701, and the Th concentration ranged from 2.020 to 11.384 ppm (Table
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10). For Moustique Petite-Bourg, the (234U/238U) activity ratios ranged from 0.989 to 1.039, the U
concentration ranged from 0.488 to 2.268 ppm. The (230Th/232Th) activity ratios ranged from 0.617
to 1.503, and the Th concentration ranged from 1.855 to 10.525 ppm (Table 11). The (234U/238U)
activity ratios for Deshaies ranged from 0.972 to 1.136, the U concentration ranged from 0.316 to
4.227 ppm. The (230Th/232Th) activity ratios ranged from 0.299 to 1.076, the Th concentrations
ranged from 3.039 to 11.930 ppm. (Table 12).
STRONTIUM ISOTOPES
Isotopic compositions of

87

Sr/86Sr in Moustique Petit-Bourg ranged from 0.70461 to

0.71683 (Table 13); Deshaies ranged from 0.70481 to 0.71533 (Table 14), and the bedrock yielded
an average ratio of 0.70386.
Water Results
The river water samples ranged from 0.70419 to 0.70931, and the Sr concentrations in
rivers (provided by Engle et al., In Review) ranged from 4.56 ppb to a high value of 292.59 ppb
(Table 15). Sites 10 and 11 show an 87Sr/86Sr ratio of 0.709 with Sr concentrations of 4.56 and
5.52 ppb respectively. The 87Sr/86Sr ratios for the rest of the river waters have an 87Sr/86Sr signature
that ranged from 0.704 to 0.705, and the Sr concentrations from 14.01 to 98.92 ppb. An anomaly
is observed for site 13, which shows an

87

Sr/86Sr ratios of 0.708 and an extremely high Sr

concentration of 292.59 ppb.

Sequential Extraction
Strontium ratios for the sequential extraction samples from Deshaies are shown in Table
16. Each sequential extraction step had a distinct signature ranging from 0.70377 to 0.71611,
however, the values generally decreased with depth.
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MINERALOGY
The main minerals present throughout the Bras David soil profile are quartz, potassium
feldspar, albite, magnetite, goethite, maghemite, cristobalite, kaolinite, halloysite and gibbsite
(Buss et al., 2010). The trend of halloysite matches with the elemental trend for Al, suggesting
weathering reaction of halloysite is producing gibbsite in this profile (Figure 6).
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6. Discussion
GENERAL TRENDS
Major Elements
Major elements for all three sites show a similar trend; a general decrease in concentrations
could be observed as the depth increased if compared against the bedrock, which is defined as the
initial concentrations before chemical weathering takes place. For example, mobile elements such
as Ca, Mg, and Sr have undergone intensive weathering in all three sites, therefore, show a decrease
in concentration in the deep profile, and a concentration increase near the surface (Figure 7). These
increases can be due to marine aerosols, and atmospheric dust. The rest of the elements also
exhibited slight concentration increases beginning at 400 cm, except for Al, Fe, and P, which
showed a decrease at the surface.
Tau Profiles
In order to better constrain the loss and gain patterns of elements, elemental concentrations
are normalized to an immobile element to account for volume changes. Tau plots were used to
observe these patterns. Tau (τi,j) values are calculated by solving (Anderson et al., 2002)
𝜏𝑖 , 𝑗 =

𝐶𝑗 ,𝑤 𝐶𝑖 ,𝑝
𝐶𝑗 ,𝑝 𝐶𝑖 ,𝑤

−1

(Equation 1)

where the concentrations (C) in the parent (p) and weathered (w) material of mobile (j) and
relatively immobile (i) elements. Tau values can range from -1 to infinity. Negative values indicate
depletion, positive values enrichment and τi,j = 0 indicates that element j is conserved relative to
the reference element i.
Elements in Bras David were normalized to Th since it proved to be more immobile than
Ti, as Ti showed a much narrower range of values without clear trends. Relative immobile
elements such as Al, Fe, and Ti in Bras David showed a depletion profile relative to Th from 1250
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cm to 427 cm depth, an addition profile from 457 cm to 244 cm, and another depletion profile
from 244 cm to the surface (Figure 8). Open diamonds are outlier samples identified by their
heterogeneous chemistry, showing extreme values when compared to the general depth trend.
Other elements, such as K, Mg, Na and Si show a partial depletion profile at depth, while Ca, Mn,
and Sr are almost completely depleted.
Although Moustique Petit-Bourg was normalized to Ti, it showed a similar trend to Bras
David. A depletion from 850 cm up to 400 cm, and an addition of mobile elements at the surface
can be easily observed in Figure 9. Deshaies was also normalized to Ti, therefore the trends were
no different than Moustique Petit-Bourg (Figure 10). The trends at depth are due to chemical
weathering, while the additions at the surface are due to various atmospheric inputs.
Sr Ratios
The

87

Sr/86Sr ratios from Moustique Petit-Bourg decreased from 850 cm to 500 cm

(87Sr/86Sr = 0.70495-0.70660) with an increase from 450 cm to the surface (87Sr/86Sr = 0.708500.71683) (Figure 11). Deshaies is similar, the ratio decreases from 700 cm to 300 cm (87Sr/86Sr =
0.70481-0.70798), and increases from 250 cm to the surface (87Sr/86Sr = 0.71218-0.715330. Two
trend groups can be easily observed, and a gap that separates them is also visible in Figure 11.
Having a shift in Sr ratios also suggests that elements are being removed during chemical
weathering, but atmospheric dust deposition is adding the elements at the surface. Sources of
atmospheric dust can include rainwater, marine aerosols, or volcanic ash, transported across the
Atlantic from the Saharan desert. Figure 11 shows that the

87

Sr/86Sr in the deep profiles of

Moustique Petit-Bourg and Deshaies are similar to that of the bedrock (87Sr/86Sr = 0.704), however,
and an addition of 87Sr/86Sr at the surface could be attributed to rainwater (87Sr/86Sr = 0.709) and
Saharan dust (87Sr/86Sr = 0.710 - 0.720) (Kumar et al., 2014).
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River samples have low concentration values of Sr with an 87Sr/86Sr signature close to the
rainwater, while the samples with higher Sr concentrations have ratios closer to the bedrock
(Figure 12), suggesting that as the concentration increases, the 87Sr/86Sr ratio decreases, thus higher
concentrations can be found near the bedrock. This is attributed to the rainfall percolating through
the geology and acquiring the Sr signature as it moves through the soil profile. One of the river
samples shows an unusually high Sr concentration relative to the other river samples, however,
this amount can be attributed to seawater mixing since the sample was taken from the mouth of
the Goyave River.
ROLE OF ATMOSPHERIC INPUTS
In order to determine the provenance of dusts in the top of the Deshaies profile, the
sequential extraction results were reviewed. Sequential extraction fractions (Figure 13) show the
87

Sr/86Sr ratios for each step (Tessier, et al, 1979) allowing to determining the endmembers of the

atmospheric signature. The top profile shows a mixture of rainwater (87Sr/86Sr = 0.709) and
Saharan dust (87Sr/86Sr > 0.710) (Faure, 1986, Kumar et al., 2014), however, with increasing depth,
the dust signature decreases until it is no longer present. The bedrock becomes another endmember
in the deep profile, showing a mixture of rainwater and bedrock (87Sr/86Sr = 0.704).
The major elements from the sequential extraction aided in determining the distribution of
the major element pools. Phase 1 releases the exchangeable cations such as Ca and Sr, Phase 2
released the HCl soluble minerals, and the Phase 3 released the oxides in crystal structures such as
Mn. These phases determined that the distribution of the major element pools are located on the
surface of the soil particles since the cations are loosely bound, in contrast to the weathering
residuals (Figure 14).
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The tropical vegetation in Basse-Terre is dense despite the depletion of soluble cation
nutrients in the soil. Although elemental and isotopic concentrations decreased in the deep profile
due to the extensive chemical weathering, the τi,j of the mobile elements such as Ca, Mg, and Sr in
the uppermost portions of the profiles became enriched as a result of deposition of rainwater and
atmospheric dust. Dusts are of great importance in Earth’s biogeochemical cycles as they contain
nutrients such as Mg, K, Ca, and P that act as fertilizers, thus aiding in the growth of plants in the
soil, growth of phytoplankton in the ocean, and in turn aid in fixing N2 and reduction of
atmospheric CO2 in the atmosphere by regulating carbon cycles (Bristow et al., 2010, Abouchami
et al., 2013, Kumar et al., 2014). Dust deposition results in mass gains to the soil, contributing with
nutrients and aid in the forming the physical structure (Derry and Chadwick, 2007). Exogenous
fluxes from the Saharan desert (100 kg ha-1 yr-1) replenish the depleted nutrients in the topsoil in
many Caribbean islands, thus increasing the bio productivity based on nutrient availability
(Glaccum and Prospero, 1980; Weaver and Murphy, 1990; Pett-Ridge et al., 2009; Clergue et al.,
2015). The role of Saharan dust in building up soils in the Caribbean has been well documented
(Swap et al., 1992, Bristow et al., 2010, Abouchami et al., 2013, Prospero et al., 2014), but not
previously in Guadeloupe.
USING URANIUM SERIES TO QUANTIFY CHEMICAL WEATHERING RATES
Since the previously studied (Buss et al., 2010) deep soil profile was mainly composed of
clay minerals, the τi,j values for the major mobile elements were negative, indicating depletion.
Buss et al. (2010) assumed that the composition of the unweathering core of the clast analyzed in
Sak et al., (2010) was representative of the parent material for the deep soil profile. The calculated
values from Equation 1 are sensitive to the parent material composition, hence, the τi,j values as
function of depth presented in Buss et al., (2010) present a framework for predicting overall trends
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as a function of depth, also providing an opportunity to test if the core composition of the
weathering clast is representative of the parent material for the weathering profile. This can be
determined by recalculating the τi,j using the bulk composition of the collected bedrock sample.
The composition of the parent bedrock collected at the three sites were similar to the core of the
clast analyzed by Sak et al., 2010 (Figure 15). Hence, the U-series isotopic ratios followed the
same trend as the major elements (Figure 16).
Similar to Sr depletion, a decrease of (238U/232Th) from 12m to 4m of depth is observed at
all the soil profiles, with an increase between 4m of depth extending to the surface Figure 16. The
(230Th/232Th) ratios show a similar trend as (238U/232Th). Chemical weathering taking place at depth
fractionates U-series ratios according to their mobility and release into solution, thus affecting the
secular equilibrium of U-series, and consequently decreasing the isotopic ratios. The blue line in
Figure 16 represents the mass conservation equation for the U-series isotopes according to the
weathering profile (Ma et al., 2010, Appendix 3), with an increase observed from 4m to the surface.
Secular equilibrium is also affected by the addition of external inputs. Increases in isotopic ratios
at the surface are attributed to the addition of dusts. According to Pett-Ridge et al., (2007), the
uranium being contributed to Hawaiian soils by dust is six times more than the uranium being
contributed from the parent material, highlighting the importance of atmospheric inputs. Intensive
chemical weathering is responsible for the loss of U at depth, while rainwater and atmospheric
dust have also played a role in the addition of U in shallow soils as the dust signatures match those
collected from Barbados (Pelt et al., 2013). Our results are also similar to those in Aciego et al.
2015.
The U-series chemical weathering model utilized a (238U/232Th) vs (230Th /232Th) isochron
(Figure 17) to suggest that the duration of chemical weathering in Bras David ranged from ~300
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Kyr to 400 Kyr, with an average weathering rate of ~30 m/Ma (Appendix 3), a rate that is slower
than weathering rates observed in rivers of tropical volcanic areas (White et al., 1998, Pett-Ridge
et al., 2009). Our rate is faster when compared to the weathering rinds because the soil profile has
a larger surface area, however, river fluxes in watersheds exhibit even larger chemical weathering
rates.
PROFILE MODEL
Our weathering rates were compared to a clast study and river fluxes, in which each rate
differed by several orders of magnitude. Ma et al., (2012) calculated a weathering rate of 0.3m/Ma
for a weathering clast in profile, while Gaillardet et al., (2012) obtained a rate of 300m/Ma for a
river chemical flux in Bras David. The augered cores collected for all three sites in this study didn’t
reach the unweathered bedrock, therefore the deep regolith samples are already highly weathered.
Hence, the calculated slow weathering rate most likely represents the intensive weathering of clay
minerals. The transformation of fresh bedrock to regolith occurs at much great depth beneath the
thick regolith and is responsible for the observed high solute fluxes transported by the rivers
(Figure 18). Chemical weathering rates are faster at the soil profile scale than the rock clast rate
due to its difference in surface area and higher porosity that allows faster infiltration of water.
Surface area increases as the number of particles increases, therefore, the material being weathered
in the soil profile is being collected from different layers, thus increasing the chemical reaction
rates. Chemical weathering rates increase with larger surface areas, therefore watersheds exhibit
faster chemical weathering rates than clasts and soil profiles (Table 17).
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7. Conclusion
Chemical weathering is of great importance as triggers reactions that aid in sustaining life
in the Critical Zone, on the other hand, intensive chemical weathering can affect the balance of
these reactions. Extensive chemical weathering of the soil takes place at depth, removing elements
and nutrients when compared to the parent bedrock, although it can also deplete the soluble cation
nutrients found at the surface, which are essential for plant growth. Dusts and rainwater are
necessary in Earth’s biogeochemical cycles as they contain the nutrients that act as fertilizers upon
deposition, thus aiding vegetation growth and in turn, reduce the amount of CO2 in the atmosphere
by regulating carbon cycles (Kumar et al., 2014).
In this study, major elements, U-series and Sr isotopes along with a sequential extraction
from three soil profiles and river waters in Basse-Terre, French Guadeloupe, a volcanic Caribbean
island, were analyzed to visualize elemental mobility patterns along the soil profiles, and quantify
chemical weathering rates. Deep soil profiles became depleted in major elements, U-series, and Sr
isotopic ratios due to the chemical weathering taking place from the parent bedrock to the surface
during soil formation. Topsoil profiles have distinct U-series and Sr isotope compositions from the
deep soils. U-series and Sr isotope ratios of the top soils, and sequential extraction fractions
confirm inputs of dust originating in West Africa, through long distance transport from Africa to
the Caribbean region across the Atlantic Ocean. During the transport, some dust isotope signatures
may also have been modified by local volcanic ashes and marine aerosols (Derry and Chadwick,
2007).
We calculated a rate of ~30m/Myr for the Bras David watershed, however, rates calculated
by other studies yielded rates with different orders of magnitude. Chemical weathering rates vary
according to the scale, surface area, and chemical reactions. Rates increase with greater surface
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area, therefore clasts (small scale) have slower chemical weathering rates than soils, whereas
watersheds (large scale) have the fastest chemical weathering rates due to the high solute influx
from bedrock, rivers, and soils. This study highlighted that chemical weathering, and atmospheric
inputs play important roles in element cycles and nutrient sources in the highly depleted surface
soils of Caribbean islands.
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Table 1. Characteristics of the sites chosen for soil sample collection. The symbols will remain
consistent hereinafter.
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Table 2. Color, structure, and texture descriptions of the grab samples from Moustique Petit-Bourg.
AN-14-26 Moustique Petit-Bourg
Parent Material: Andesite

Latitude: 16⁰ 08.547' N
Longitude: 61⁰ 38.175' W

Depth (cm)
0-15
33
60
90
120
150

Color
5YR 4/6
5YR 4/4
7.5YR 4/6
7.5YR 4/4
7.5YR 4/4
7.5YR 4/6

Structure
none
none
none
none
none
none

200
250
300
350
400
450
500

7.5YR 4/4
7.5YR 5/6
10YR 5/8
5YR 4/6
7.5YR 5/8
10YR 5/6
5YR 5/6

none
none
none
none
none
none
none

0
0
0
0
0
<10
0

fr
fr
vfr
fr
fr
fr
fr

SICL
SICL
SICL
SICL
SICL
SICL
SICL

3.8
3.7
4
3.7
3.6
3.6
3.3

550
600

2.5YR 4/8
2.5YR 4/8

none
none

0
0

fr
fr

SICL
SIC

3.3
3.3

650

2.5YR 4/8
2.5YR 8/1
2.5YR 4/8
2.5YR 4/8
2.5YR 7/1
2.5YR 4/8
2.5YR 4/8

none

0

fr

SIC

3.3

none
none

0
0

fr
vfr

C
C

3.3
3.3

none
none

0
0

fr
fr

C
C

3.3
3.3

700
750
800
850

Gravel Consistence Texture
0
fr
SICL
0
fr
SICL
0
fr
SICL
0
fr
SICL
0
fr
SICL
<10
fr
SICL

pH
4.8
3.8
3.8
3.6
3.6
3.6
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Notes
Yellowish red
Reddish brown
Strong brown
Brown
Brown
More coarse strong
brown with rock
fragments
Brown
Strong brown
Yellowish brown
Yellowish red
Strong brown
Yellowish brown
Mottled close to
saprock material,
yellowish red
Reddish brown
Red, somewhat
mottled
Red/White very
mottled
Red very mottled
Red light reddish
gray, very mottled
Red very mottled
Red very mottled

Yvette Pereyra using the auger to collect
soil samples in Moustique Petit-Bourg
while Mariah Murphy and Jacqueline
Engle wait for their turn to use the auger.

Table 3. Color, structure, and texture descriptions of the grab samples from Deshaies.
AN-14-27 Deshaies Quarry
Vegetation: Covered
Parent Material: Andesite

Latitude:
Longitude:

16⁰ 08.565' N
61⁰ 38.039' W

Depth (cm)

Color

Structure

Gravel

Consistence Texture

pH

0-20

7.5YR 2.5/3

none

0

fr

SIC

5.7

Very dark brown

20-30
60
90
120
150

7.5YR 3/4
5YR 4/4
5YR 4/6
5YR 4/4
5YR 4/6

none
none
none
none
none

0
0
0
0
0

fr
vfi
vfi
vfi
vfi

SIC
SIC
SIC
SIC
SIL

5.3
4.9
4.6
4.5
4.4

200
250
300

none
none
none

0
0
0

fi
fi
vfi

SIL
SIL
SIL

4.3
4.3
4.1

350

5YR 4/6
7.5YR 4/6
10R 4/8
10R 7/1
10R 5/6

Dark brown
Reddish brown
Yellowish
Reddish brown
Peds <10%
Yellowish red
Yellowish red
Strong brown
Red/light gray

none

0

fr

SIL

4.1

Red

400

2.5YR 4/6

none

0

fi

SIC

4.1

Red

450

2.5YR 4/6

none

0

fr

SIC

4.1

Red

500
550

5YR 4/6
2.5YR 4/6

none
none

0
0

fr
fr

SIC
SIC

4.2
4.2

Yellowish red
Red

600
650

2.5YR 4/4
10R 4/6

none
none

0
0

fr
fr

SIC
SIC

4.3
4.3

Reddish brown
Red

700

10R 4/6

none

0

vfr

CL

4.3

Red
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Notes

Yvette Pereyra describing the collected soil
samples from Deshaies.

Table 4. Color descriptions of the grab samples from the additional profiles.
AN-14-7 Core Stone Profile

AN-14-7 Soil Profile 2

Latitude:

16⁰ 18.606' N

Latitude:

Longitude:

61⁰ 46.593' W

Longitude: 61⁰ 46.665' W

Depth (cm)

Color

Notes

0-7

10R 3/4 Dusty red/yellow
10YR 7/6 rindlet (mottled)

30

Dark red saprock
2.5YR 3/6
(mottled) reddish
2.5YR 6/1
gray

60

10R 4/6 Saprock (mottled)
10YR 6/1 red/gray

80

2.5YR 4/6 Red/light gray
10YR 7/1 saprock (mottled)

AN-14-7 Soil Profile 1
Latitude:

16⁰ 18.606' N

Longitude:

61⁰ 46.593' W

Vegetation: Bioturbation, O horizon not
very thick
Parent Material: Andesite (Unknown)
Depth (cm)
0

Color

Notes

30

7.5YR 3/3 O horizon isn't
very thick, dark
brown
2.5YR 4/6 Red

60

2.5YR 4/6 Red

90

2.5YR 3/6 Dark red
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16⁰ 18.700' N

Depth (cm)

Color

0-10

7.5YR 3/2

100

2.5YR 4/4

300

10YR 4/6
10YR 7/6

600

5YR 7/1

760

5YR 7/1

Notes

Table 5. Sequential extraction steps indicating the recovery target during each leaching phase.
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Table 6. Major elements concentrations in wt % for Moustique Petit-Bourg, and standards. Average bedrock values were provided by
the Penn State Institutes of Energy and the Environment.
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Table 7. Major elements concentrations in wt % for Deshaies, and standards. Average bedrock values were provided by the Penn State
Institutes of Energy and the Environment.
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Table 8. Major elements concentrations in wt % for the core and soil profiles near Deshaies, and standards. Average bedrock values
were provided by the Penn State Institutes of Energy and the Environment.
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Table 9. Major elements on the sequentially extracted solutions from the samples from Deshaies. The Tube ID represents each
sequential extraction phase.

39

Table 10. U-series data for Bras David.
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Table 11. U-series for Moustique Petit-Bourg
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Table 12. U-series for Deshaies (AN-14-27).
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Table 13. Strontium isotope compositions for Moustique Petit-Bourg (AN-14-26).

43

Table 14. Strontium isotope compositions for Deshaies (AN-14-27).
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Table 15. Strontium isotopes and concentrations from the river water samples. Strontium
concentrations provided by Engel, 2015.

45

Table 16. Strontium isotopes from the sequential extraction samples from Deshaies.
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Table 17. Weathering rates across different scales.
Type of Weathering Study
Weathering Clast (Ma et al., 2012)
Augered Core
River Chemical Flux (Gaillardet et el., 2012)

Weathering Rate
0.3m/Ma
30m/Ma
300m/Ma
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Figure 1. Regional and tectonic setting of French Guadeloupe (after Samper et al., 2007).

48

Figure 2. In clockwise order: Age distribution, precipitation gradient, sampling sites (each site is
indicated with a different symbol), and river sample locations in Guadeloupe (legend
for the rivers can be found in Table 14).

49

Figure 3. Conceptual model for U-Series isotopes during weathering.

50

Figure 4. Sample procedures for each type of analysis.

51

Figure 5. Grainsize data distribution for Deshaies. Lab work was conducted by Mariah Murphy
at Dickinson College in Pennsylvania.
52

Figure 6. Trend of halloysite suggests that the weathering reaction is producing gibbsite in Bras
David.

53

Figure 7. Concentrations of the major elements on all three soil profiles.
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Figure 7 (continued). Concentrations of the major elements on all three soil profiles.
Concentrations for Na2O in Bras David indicate values below the detection limit
(Buss et al., 2010).
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Figure 7 (continued). Concentrations of the major elements on all three soil profiles. Notice that
Ba concentrations for Bras David were not available. Concentrations for Sr in Bras
David indicate values below the detection limit (Buss et al., 2010).
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Figure 8. Tau profiles of the major elements for Bras David. Notice that Ba is not available.
Open diamonds are outlier samples identified by their heterogeneous chemistry
showing extreme values when compared to the general depth trend.
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Figure 8 (continued). Tau profiles of the major elements for Bras David. Open diamonds are
outlier samples identified by their heterogeneous chemistry showing extreme values when
compared to the general depth trend.
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Figure 9. Tau profiles of the major elements for Moustique Petit-Bourg. Notice that the plots are
normalized to Ti.
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Figure 9 (continued). Tau profiles of the major elements for Moustique Petit-Bourg. Notice that
the plots are normalized to Ti.
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Figure 10. Tau profiles of the major elements for Deshaies. Notice that the plots are normalized
to Ti.
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Figure 10 (continued). Tau profiles of the major elements for Deshaies. Notice that the plots are
normalized to Ti.
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Figure 11. 87Sr/86Sr ratios for Moustique Petit-Bourg (top) and Deshaies (bottom). The parent
bedrock at 1000 cm does not represent the actual depth.

63

Figure 12. 87Sr/86Sr ratios and concentrations of the river samples. The unusual high
concentration is due to seawater mixing with rainwater.

64

Figure 13. Sequential extraction results showing the endmembers of atmospheric inputs.

65

Figure 14. Major element pools according to each sequential extraction leaching phase.
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Figure 14 (continued). Major element pools according to each sequential extraction leaching
phase.
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Figure 15. Major element concentrations (in wt %) in the parent bedrock for all three sites and
the weathering clast by Sak et al., 2010. Notice that the concentrations for Sr, Zn,
and Zr are in ppm.
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Figure 16. (238U/232Th) for all three sites (top), and (230Th/232Th) for all three sites (bottom). Dust
signatures collected from Barbados (Pelt et al., 2013) confirm the addition of
(238U/232Th) and (230Th/232Th). Open diamonds are outlier samples identified by their
heterogeneous chemistry showing extreme values when compared to the general
depth trend.
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Figure 17. (238U/232Th) vs (230Th /232Th) isochrons to suggest the advancing weathering rate in Bras
David (top). Chemical weathering rates for Moustique Petit-Bourg (middle) and
Deshaies (bottom) are yet to be determined.
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71

Figure 18. Profile model showing the different components of the soil profile, and the different
rates calculated in the augered core, in the weathering clast (Ma et al., 2012) and in
rivers (Gaillardet et al., 2012). Differences in chemical weathering rates are due to
the variations in surface area (scale factor) and whether the parent bedrock is reached
continuously (parent difference).
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Appendix 1. U-series ion chromatography protocol. Developed at the
Laboratoire d’Hydrologie et de Geochimie de Strasbourg at the University of
Strasbourg, France.
First: to test the calibration of pipettes 1ml and 500 ul
Step 1: Extraction of U and Th
Sample name
2ml resin AG1-X8 200-400 mesh
Wash
HNO3 0.25N

A

B

C

D

E

F

G

H

I

J

Vol. (ml)
2 full columns

Condition

HNO3 7.5N

2 X 2 mL

Introduce sample

1 mL

Elute

HNO3 7.5N
HNO3 7.5N

4 X 0.7 mL

Collect U+Th
Collect U+Th
Collect U+Th
Collect U+Th
Collect U+Th

H2O
HCl 0.5N
HCl 0.5N
HCl 6N
HCl 6N

2 X 0.5 mL
2 X 0.5 mL
5 mL
2 X 0.5 mL
5 mL

1) evapo rate to dry (100°C), redisso lve in 0.2 mL 7.5N HNO 3 2) evapo rate to dry, redisso lve in 0.4 mL 7.5N HNO 3, ultraso nic, scratch with tip

Wash
Wash

HCl 6N
H2O

4 full columns
1 full columns

Wash

HNO3 0.25N

2 full columns

Wash

H2O

2 full columns

Clean, preserve in H2O
Step 2: Separate U and Th
Sample name
0.6ml resin AG1-X8 200-400 mesh
Wash
HNO3 0.25N

A

B

C

D

E

F

G

H

I

Vol. (ml)
2 full columns

Condition

HNO3 7.5N

2 X 2 mL

Introduce sample

0.4 mL

Elute

HNO3 7.5N
HNO3 7.5N

4 X 0.4 mL

Collect U

HNO3 7.5N

4 mL

1) evapo rate to dry (100°C), redisso lve in 0.1mL 6N HCl 2) evapo rate to dry, redisso lve in 0.2 mL 6N HCl, ultraso nic, scratch with tip

Collect Th
Collect Th
Collect Th

H2O
HCl 6N
HCl 6N

2X 0.5 mL
2 X 0.5 mL
4 mL

1) evapo rate to dry (100°C), redisso lve in 0.1mL 7.5N HNO 3 2) evapo rate to dry, redisso lve in 0.1mL 7.5N HNO 3, ultraso nic, scratch with tip

Wash (continue in 3)
or
Wash (to store)
Wash (to store)

HCl 0.5N

1 full columns

H2O

1/2 full columns

HNO3 0.25N

2 full columns
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Appendix 1 (continued). U-series ion chromatography protocol.
Step 3: Purification of U
Sample name
0.6ml resin AG1-X8 200-400 mesh
Wash
HCl 0.5N
Condition
HCl 6N
Introduce sample
HCl 6N
Elute
HCl 6N
Elute
acetone + HCl 6N
Elute
acetone + HCl 6N
Elute
HCl 6N
Collect U
HCl 0.5N
Collect U
HCl 0.5N

A

B

C

D

E

F

G

H

I

J

Vol. (ml)
1 full column
2 X 2 mL
0.2 mL
2 X 0.6 mL
2 X 0.6 mL
4 mL
4 X 0.6 mL
2 X 0.4 mL
4 mL

1) evapo rate to dry (100°C), redisso lve in 0.1mL 7.5N HNO 3 2) evapo rate to dry, ready fo r lo ad

Wash
Wash

HCl 6N
H2O

3 full columns
1 full columns

Wash

HNO3 0.25N

2 full columns

Wash

H2O

2 full columns

Clean, preserve in H2O
For 12 columns, 72 mL acetone + 8 ml 6N HCl (make w hen ready to use, no preserve, clean the beaker afterw ards)

Step 4: Purification of Th
Sample name
0.15ml resin AG1-X8 200-400 mesh
Wash
HNO3 0.25N

A
Vol. (ml)
3 full columns

Condition

HNO3 7.5N

2 full columns

Introduce sample

HNO3 7.5N

0.1 mL

Elute

HNO3 7.5N

2 X 0.1 mL

Elute

HNO3 7.5N

3 X 0.4 mL

Collect Th
Collect Th
Collect Th
Collect Th

H2O
HCl 6N
HCl 6N
HCl 6N

2 X 0.1 mL
0.1 mL
0.2 mL
3 X 0.4 mL

1) evapo rate to dry (100°C), redisso lve in 0.1mL 7.5N HNO 3 2) evapo rate to dry, ready fo r lo ad

Wash
Wash

HCl 6N
H2O

4 big columns
1 big columns

Wash

HNO3 0.25N

2 big columns

Wash

H2O

2 big columns

Clean, preserve in H2O
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B

C

D

E

F

G

H

I

J

Appendix 2. Ion chromatography protocol for strontium.
Elution sequence of the Sr Spec resion chemistry for the seperation of Sr
Step 1
0.2 mL Sr Spec ion exchange resin (150 mesh) in 0.2ml Teflon column
Column
A
Sample
Resin cleaning
H2O
3ml
Resin cleaning
3.5 N HNO3
3ml
Load sample to resin
3.5 N HNO3
0.5 ml
Elute matrix
3.5 N HNO3
0.1 ml
Elute matrix
3.5 N HNO3
0.1 ml
Elute matrix
3.5 N HNO3
0.1 ml
Elute matrix
3.5 N HNO3
0.5 ml
Elute matrix
3.5 N HNO3
0.5 ml
Elute matrix
3.5 N HNO3
2.5 ml
Collect Sr
0.05 N HNO3
3 ml
Evaporate Sr samples overnight
Step 2
0.2 mL Sr Spec ion exchange resin (150 mesh) in 0.2ml Teflon column
Column
A
Sample
Resin cleaning
H2O
3ml
Resin cleaning
3.5 N HNO3
3ml
Load sample to resin
3.5 N HNO3
0.5 ml
Elute matrix
3.5 N HNO3
0.1 ml
Elute matrix
3.5 N HNO3
0.1 ml
Elute matrix
3.5 N HNO3
0.1 ml
Elute matrix
3.5 N HNO3
0.5 ml
Elute matrix
3.5 N HNO3
0.5 ml
Elute matrix
3.5 N HNO3
2.5 ml
Collect Sr
0.05 N HNO3
3 ml
Evaporate Sr samples overnight
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D
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D
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J

L

M

Appendix 3. Mass conservation equations.
The mass conservation equations for 238U, 234U, and 230Th for each profile are expressed as follows
(Dequincey et al., 2002, Chabaux et al., 2008, Ma et al., 2010):
𝑑 238 𝑈
= 𝑓238 − 𝜆238 238 𝑈 − 𝑘238 238 𝑈
𝑑𝑡
𝑑 234 𝑈
= 𝑓234 − 𝜆238 238 𝑈 − 𝜆234 234 𝑈 − 𝑘234 234 𝑈
𝑑𝑡
𝑑 230 𝑇ℎ
= 𝜆234 234 𝑈 − 𝜆230 230 𝑇ℎ
𝑑𝑡
where ƒ is the input flux, k are chemical leaching coefficients during weathering, λ are decay
constants, and t is time.
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